Purpose: Intra-abdominal hypertension (IAH) causes lung dysfunction in patients after hemorrhagic shock resuscitation. We performed intra-abdominal volume increment (IAVI) to IAH and studied its effect on pulmonary function. Methods: Eight minipigs established for IAH model by exsanquination until shock, incomplete blockage of portal vein and overload resuscitation were randomly divided into IAVI group (n=4) and sham-operated control group (n=4). Bladder pressure, arterial blood gas analysis and thoraco-abdominal computed tomography (CT) scans were measured. The minipigs were sacrifi ced 26 h after surgery, and lung samples were harvested for measuring the wet-to-dry weight ratio and hematoxylin-eosin staining. Results: Compared with sham-operated control group, the respiratory rate and paCO 2 remarkably decreased and paO 2 notably increased at 8 and 12 h in the IAVI group. The bladder pressure also notably decreased at 8, 12, and 22 h after IAVI treatment. However, a signifi cant improvement in diaphragm height was observed at 22 h after IAVI treatment. The wet-to-dry weight ratio of the lungs in IAVI group was also signifi cantly higher than that that in the sham-operated control group. Conclusions: Our data indicate that IAVI surgery could improve the damaged pulmonary function caused by IAH after hemorrhagic shock resuscitation (Tab. 1, Fig. 7, Ref. 21). Full Text in PDF www.elis.sk.
According to guidelines of the World Society of the Abdominal Compartment Syndrome (WSACS), the abdominal compartment syndrome (ACS) is defi ned as an occurrence of intra-abdominal pressure (IAP) of >20 mmHg, with or without abdominal perfusion pressure (APP) of ≤60 mmHg, and single or multiple organ system failure that was not previously present (1) . The normal range of IAP is 0 to 7.5 mmHg. The WSACS defi nes intra-abdominal hypertension (IAH) as IAP of ≥12 mmHg (2) .
Generally speaking, a change in abdominal volume led to an increase in IAP. Malbrain et al. analyzed 97 patients admitted into 13 ICUs in 6 countries because of abdominal injury or other factors, and observed that the incidence of IAH and ACS was 50.5 % and 8.2 %, respectively; (3). One-third of the patients who had undergone serious general surgical operations developed IAH, and one-third of IAH patients eventually suffered from ACS (4) . In the treatment of hemorrhagic shock, a large amount of resuscitation fl uid is used to stabilize effective circulation. Shock often results in capillary leakage with much liquid penetrating into the third space, and may lead to intestinal edema and ascites, thus revoking an increase in IAP and even leading to IAH and ACS (5) . Prevention of ACS decreases the incidence of multiple organ failure (MOF) (6) .
The effect of increased IAP on lungs has been recognized for many years. IAP is transmitted to the chest directly or indirectly through the diaphragm, which can cause a decrease in total lung volume and oxygenation (7) (8) (9) .
Intra-abdominal volume increment (IAVI) is also known as abdominal decompression surgery or damage control laparotomy (10) . In this paper, IAVI is defi ned as the use of vacuum sealing in an abdominal incision to increase the abdominal volume and thus reduce IAH. Abdominal decompression or volume increment is an important method for the treatment of IAH or ACS (11) ; few reports have focused on their effects on lung function, particularly in large animals with physiological functions similar to those of humans.
In this study, we established an IAH model in minipigs that simulated perihepatic packing after clinical hemorrhagic shock from serious hepatic injury, fl uid resuscitation, and IAH. In attempt to study the effect on lung function, we used IAVI assisted by vacuum sealing drainage to treat the IAH.
Materials and methods

Animals
Twelve healthy Guangxi Bama minipigs, either sex, weighing 22.9 ± 1.7 kg were provided by the Experimental Animal Center of Daping Hospital, Third Military Medical University, Chongqing, China.
Reagents and instruments
Saline (0.9 % NaCl, 500 mL; Sichuan Kelun Pharmaceutical Co., Ltd., Chengdu, China), Ringer's solution (NaCl 0.85 %, KCl 0.03 %, CaCl 2 0.033 %, 500 mL; Sichuan Kelun Pharmaceutical Co., Ltd., Chengdu, China), KCl (10 mL:1 g; Wubei Tiansheng Kangdi Pharmaceutical Co., Ltd., Wuhan, China), ketamine (2 mL:0.1 g; Jiangsu Hengrui Medicine Co., Ltd., Lianyungang, China), pentobarbital sodium (25 g, P3761; Sigma-Aldrich, San Francisco, CA, USA), and iodine (0.5 %, 468 mL; Jiangsu Aite Fu, Jiangsu, China) were used in this study. The equipment used included blow-extruded double blood bags (Jiaxing Tianhe Pharmaceutical Co., Ltd., Zhejiang, China), single-lumen catheters (SWL-1996-01C-03-20; Sungwon, Korea), and disposable syringes (2 mL; Beihua Medical Material Co., Ltd., Shenyang, China).
Instruments used included an anesthesia machine (SOUSAR; Beijing Yian Medical Inc., Beijing, China), multifunction monitor (M3046A; Hewlett-Packard, Palo Alto, CA, USA), Vigileo monitor (American Edwards Lifesciences Corporation, Irvine, CA, USA), blood gas analyzer (GEM Premier 3000; American Society for Testing Instruments, Irvine, CA, USA), and CT scanner (LightSpeed VCT, General Electric Company, NY, USA).
IAH model of resuscitation after hemorrhagic shock
Animals were fasted for 12 h before surgery with free access to water, and were anesthetized by posterior auricular vein injection of ketamine (7.2 mg/(h·kg)) and 3 % sodium pentobarbital (6 mg/(h·kg)). After routine-sterilization, the animals were fi xed on the experimental table and the skin was disinfected with iodophor. After tracheotomy, assisted respiration was performed through an anesthesia machine with pure oxygen inhalation. The right femoral artery and vein were isolated, and single-lumen catheters were inserted. A femoral artery tube was connected to the pressure sensor of the multifunctional monitor and blow-extruded double blood bags for preservation. A midline abdominal incision was made and cystostomy was performed. The portal vein was isolated and ligated with a hard plastic tube with an external diameter of 5 mm by using a thick string. The hard plastic tube was then removed, and a model of incomplete blockage of the portal vein was created to simulate the process of perihepatic packing for treatment of serious hepatic injury (Fig. 1A, B) .The intravenous tube was used as a transfusion channel. Femoral artery exsanguination was performed till mean arterial pressure reached 50 mmHg, and the blood was stored in a blood bag. The abdominal wall incision was closed by layered sutures. Oxygen inhalation (4 L/min, FiO 2 37 %) was performed via a tracheotomy tube following the operation without assisted respiration. One hour after shock, all of the lost blood, along with Ringer's solution, was transfused. Ringer's solution was continuously administered to achieve over-resuscitation. The IAH model was considered successfully established when IAP of ≥12 mmHg was maintained for 1 h. Before successfully establis hing the model (the amount of transfused Ringer's solution 1668.8±25.59 ml, 76±3ml/h·kg), 4 animals died of hemorrhagic shock.
Grouping and surgical procedures
Animals that died before the successful establishment of model (n=4) were excluded. When IAP reached the level of IAH, the remaining animals were divided randomly into the IAVI group (n=4) and sham-operated control group (n=4) by using a coin-toss method. In the IAVI group, the abdominal incision sutures were removed, and the incisions were extended from the xiphoid to the pubic symphysis. The ligatures of the portal vein were loosened and removed, and the omentum was fl attened above the bowels. Based on the size of the incision, a polyvinyl alcohol gelatin foam sponge of approximately 30 x 20 cm was placed along the incision and the full layer of abdominal wall was sutured. The drainage tube embedded in the sponge was extracted from one side of the incision. A biological permeable membrane with good permeability for oxygen and moisture was used to cover the incision and the sponge until it was sealed. Drainage tubes were used to maintain In the sham-operated control group, the abdominal incision sutures were removed, the incisions were extended from the xiphoid to the pubic symphysis, and the ligature of the portal vein was loosened and removed. The incision was then directly closed by layered sutures.
Measurement of urinary bladder pressure
Bladder water manometry, which is recommended by WSACS, was used to measure IAP indirectly before shock; 1 h after shock; 2 h after IAH; and 8, 12, and 22 h after treatment. After complete evacuation of urine from the bladder, 50 mL of saline was instilled into the bladder (13) (14) . The vertical height of the water column above the symphysis pubis represented the bladder pressure, which was used to refl ect the change in IAP.
Blood gas analysis
A total of 2 mL of arterial blood was drawn before shock, 1 h after shock, 2 h after IAH, and 8 and 12 h after treatment, respectively;, for blood gas analysis (paCO 2 and paO 2 ). Meanwhile, changes in the respiratory rate (RR) were measured.
Computed tomography examination
Computed tomography examination was performed before shock, 2 h after IAH, and 22 h after treatment. Animals were placed in a supine position to perform thoraco-abdominal enhanced CT scanning. The spinous process was marked for identifying the midsagittal-plane image to determine the height of the diaphragm. The mid-sagittal-plane image was analyzed as follows: the horizontal line along the superior border of the manubrium was drawn as the baseline, and the vertical distance between the highest point of the diaphragm and the baseline was recorded as a relative height of the diaphragm. CT Hounsfi eld units of the left lower lung lobe were measured, and the pleural effusion was observed.
Wet-to-dry ratio and pathological examination of the lung sample
Twenty-six hours after treatment, the animals were sacrifi ced by intravenous injection of 20 mL 10 % KCl. Tissue samples were harvested from the left lung and weighed, then dried in a 60 °C oven for 3 days before another weighing. The wet-to-dry rat io was calculated with the following equation: wet-to-dry ratio = (wet weight -dry weight) / dry weight. The tissue samples from the right lung were stained by routine HE staining and observed under light microscope.
Statistical analysis
SPSS17.0 software was used for statistical analysis. Experimental data were expressed as mean ± SD. Analysis of variance of repeated measures in the general linear model was used for differences between groups, and one-way ANOVA was used for differences among inner-group times of our data. Differences were considered statistically signifi cant when p<0.05.
Results
Changes in pulmonary function
An increasing RR trend was observed during IAH model establishment, and RR was signifi cantly increased at 2 h after IAH as compared with that before shock and 1 h after shock. RR showed a decrease at 8 and 12 h after IAVI, which was remarkable at 12 h after IAVI treatment (p<0.05). In the sham-operated control group, no notable improvement in the RR increase caused by IAH was observed. However, there was no signifi cant difference at 8 h after IAVI treatment between the sham-operated control group and the IAVI group; there was only a signifi cant difference at 12 h after IAVI treatment between the two groups (p<0.05).
An increasing pCO 2 trend was observed during IAH model establishment, and pCO 2 was signifi cantly increased at 2 h after IAH as compared with that before shock and 1 h after shock. pCO 2 showed a signifi cant decrease at 8 and 12 h after IAVI (p<0.01), and there was no signifi cant difference at 8 and 12 h after IAVI treatment. In addition, in the sham-operated control group, no notable improvement in pCO 2 increase caused by IAH was observed. However, there was no signifi cant difference at 8 and 12 h after IAVI treatment between the sham-operated control group and IAVI group, but there was a signifi cant difference at 12 h after IAVI treatment between the two groups. pO 2 showed a decreasing trend during IAH model establishment and was signifi cantly decreased at 2 h after IAH compared with that before shock. The pO 2 was signifi cantly increased at 8 and 12 h after IAVI treatment (p<0.05), but there was no notable difference between 8 and 12 h after IAVI treatment. In the sham-operated control group, no notable improvement in the pO 2 decrease caused by IAH was observed. There was no signifi cant difference at 12 h after IAVI treatment between the sham-operated control group and IAVI group, while a signifi cant difference at 8 h after IAVI treatment between the two groups was recorded (p<0.05) (Tab. 1).
Urinary bladder pressure
When compared before shock and 1 h after shock, the urinary bladder pressure was signifi cantly higher at 2 h after IAH (Fig. 3) .
Changes in diaphragm height and lung CT Hounsfi eld units
All eight experimental animals showed no pleural effusion. Compared with that before shock (Fig. 4A) , the diaphragm height was signifi cantly higher 2 h after IAH (-117.3±1.5 mm vs -128.5±2.7 mm, respectively; p<0.05) (Fig. 4B) . In the IAVI group, the diaphragm height (Fig. 4C) declined signifi cantly at 22 h after treatment compared with that 2 h after IAH (-126.3±1.4 mm vs -117.3±1.5 mm, respectively; p<0.05). Compared with the sham-operated control group at 22 h after treatment, the diaphragm height showed a signifi cant change (-126.3±1.4 mm vs -117.9±0.9 mm, respectively; p<0.05). In the sham-operated control group, there was no signifi cant difference at 22 h after treatment compared with that at 2 h after IAH -117.9±0.9 mm vs -117.3±1.5 mm, respectively; p>0.05) (Fig. 5) .
Compared to those before shock, the lung CT Hounsfi eld units increased signifi cantly at 2 h after IAH (-656.5±33.1 HU vs -704.5±21.0 HU, respectively; p<0.05). In the IAVI group, the lung CT Hounsfi eld units decreased at 22 h after treatment compared with those 2 h after IAH while showing no signifi cant difference (-680.6±20.3 HU vs -656.5±33.1 HU, respectively; p>0.05). No signifi cant difference was found also in lung CT Hounsfi eld units 22 h after treatment in IAVI group compared to the sham-operated control group (-680.6±20.3 HU vs -671.8±12.3 HU, respectively; (Fig. 6 ).
Gross pathological examination
In the sham-operated control group, lung congestion and atelectasis were observed. Under light microscopy, interstitial edema and pulmonary congestion combined with alveolar infi ltration with infl ammatory cells were observed (Fig. 7A) . In the IAVI group, pulmonary edema, congestion, and reduced infl ammation were observed in lung tissues (Fig. 7B) .
Wet-to-dry ratio of lung weight
The wet-to-dry ratio of lung weight in the IAVI group was signifi cantly decreased compared with that in the sham-operated control group (4.15±0.76 vs 5.68±0.35, respectively; p<0.05).
Discussion
An IAP exceeding 12 mmHg is considered to be pathologically elevated and has been termed IAH. This condition can result from accumulation of peritoneal fl uid, obstruction, pancreatitis, trauma, or abdominal bleeding, and may lead to ACS (15). When IAH is >15 mmHg, an elevated hemidiaphragm can be seen on chest radiographs. (16) ACS can increase the volume of abdominal cavity by decompressive laparotomy, and decrease the abdominal contents by evacuating retained blood and removing the unnecessary packs (if present), thus decreasing the IAP. Vacuum sealing for temporary closure of the abdominal incision can avoid the intra-abdominal organ infection, control the abdominal secretion, prevent the loss of body fl uid and body temperature, and maintain the abdominal fascia tension so as to achieve abdominal closure.
In this study, an IAH model was established through resuscitation with a large amount of liquid after hemorrhagic shock in minipigs in consistence with the report of Shah et al. This model simulated the twisting of the portal vein resulting from severe hemorrhagic shock after severe liver injury and perihepatic packing (17) . When the bladder pressure increased by 14.6 mmHg the remarkably impaired lung function was presenting as tachypnea, increased paCO 2 , and decreased paO 2 (Tab. 1). Balogh et al reported that elevated bladder pressure was associated with a decrease in mixed venous oxygen saturation and DO 2 I and rise in the paCO 2 level (18). Shah et al reported elevated peak inspiratory pressures and decreased pAO 2 :FIO 2 ratios in ACS patients (17) . Zhou et al also reported elevated peak inspiratory pressures, paCO 2 , and central venous pressures and decreased pAO 2 :FIO 2 ratios (9). The horizontal line along the superior border of the manubrium was drawn as a baseline, while the vertical distance between the highest point of the diaphragm and the baseline was recorded as a relative height of the diaphragm, and CT values of the left lower lung were measured. Our method can more accurately refl ect the compliance of the thorax compared with the method of evaluation of the diaphragm and the 10th thoracic vertebral body or above (19) . In our experiment, the CT value indicated that the diaphragm height reached 11 mm relative to the elevated bladder pressure (Fig. 5) , which was similar to the result of Ridings et al (20) . In addition, we observed that the CT value of the lung increased by 48 HU (Fig. 6 ), indicating that pulmonary interstitial edema was also a risky factor of lung dysfunction. This result was similar to the report by Zhou et al. stating that acute respiratory distress syndrome was secondary to increasing IAP (9). 
A B
We observed that the changing CT values following hemorrhagic resuscitation and IAH were fi rst observed in this animal experiment. We observed no remarkable pleural effusion, which was not a factor of lung function disorder in our experimental model. Compared with that in the sham-operated control group, the lung function in the IAVI group showed a notable improvement with manifestations of relieved breathlessness, decreased paCO 2 , and increased paO 2 at 8 and 12 h after the operation (Tab. 1). In addition, we observed that the bladder pressure in the IAVI group decreased by 9.7 and 10.8 mmHg at 8 and 12 h after the operation, respectively;, compared with the preoperative values while the bladder pressure decreased by 15.0 and 17.5 mmHg compared with that of the sham-operated control group (Fig. 3) . Because of the diffi culty in heavy-weight animal transportation, time arrangement of CT measurement, and management of other indicators during the experiment, we only performed CT examination at 22 h after the operation. At 22 h after the operation, the diaphragmatic height in the IAVI group decreased by 0.6mm compared with that in the shamoperated control group (Fig. 5) , and the lung CT value decreased by 24.1 and 8.8 HU respectively;, indicating no signifi cance difference (Fig. 6) , which was associated with the decrease in bladder pressure.
Furthermore, the pathological examination indicated that the wet-to-dry ratio of lungs in the IAVI group was notably decreased compared with that in the sham-operated control group, which is similar to the results reported by Shah et al (17) . The pathophysiological examination also indicated an improvement in pulmonary interstitial edema and congestion. Our experiment proved that IAVI could signifi cantly improve the lung function disorder following IAH. The possible mechanisms are as follows: (1) the decreased diaphragmatic height improved the lung ventilation volume or (2) pulmonary interstitial edema was relieved. The relatively fi xed thoracic cavity volume, elevated diaphragm height, and decreased range of motion can lead to limited lung ventilation, increased functional residual capacity, disproportion of ventilation to blood ratio (21), decreased oxygenation, and carbon dioxide retention. Moreover, all the above-mentioned factors contribute to respiratory failure.
In summary, after IAH, lung dysfunction is largely caused by the rise of the diaphragm, retroperitoneal hematoma, and decline in lung compliance, etc. In addition to oxygen therapy and PEEP, the bladder pressure should be closely monitored, and IAVI should be performed should bladder pressure be persistently increased (>20 mmHg) and routine respiratory support cannot improve the lung dysfunction. The reduction in IAP, decrease in diaphragm height, and restoration of the range of motion can fully relieve the lung dysfunction. However, because of the limitations in sample size and monitoring time, the long-term effects of IAVI surgery on lung function need be further examined.
